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Controlling the Properties of the Micellar and Gel Phase by 
Varying the Counterion in Functionalised-Dipeptide Systems 
Kate McAulay,a  Pedro Agís Ucha,a,b Han Wang,c Ana M. Fuentes-Caparrós,a Lisa Thomson,a Osama 
Maklad,d Nikul Khunti,e Nathan Cowieson,e Matthew Wallace,f Honggang Cui,c Robert J. Poole,d 
Annela Seddong,h and Dave J. Adamsa
The micellar aggregates formed at high pH for dipeptide-based 
gelators can be varied by using different alkali metal salts to 
prepare the solutions. The nature of the micellar aggregates 
directly affects the properties of the resulting gels. 
Gels are formed by low molecular weight gelators by their self-
assembly into long anisotropic structures.1-3 These entangle to 
form the matrix. The gel properties are controlled by the 
mechanical properties of the fibres and how these entangle, 
cross-link and otherwise form junctions.4 In terms of designing 
gels, there are currently two key problems.5 First, it is difficult 
to predict in advance whether a specific molecule will be a 
gelator or not, with very similar chemical structures having very 
different gelation efficiency for example.5 Computational 
prediction tools are improving, but are still limited in scope.6-8 
Second, it is not possible to predict the properties of the gels if 
they are formed. These two issues hold the field back and many 
useful systems are discovered accidentally.5, 9
A more pragmatic approach is to find a molecule that is an 
effective gelator and then vary the assembly process such that 
gels with required properties are formed.3 The gel properties 
can be adjusted by varying the gelation method or by changing 
the composition or conditions slightly.3, 10  For hydrogels, the 
situation is complicated by potential pre-aggregation prior to 
gelation. Many hydrogelators are relatively hydrophobic (to 
drive poor solubility and gelation) and so the pre-gelled, 
“soluble” state can contain micellar aggregates.11, 12 Hence, on 
applying the gelation trigger, there is a transition from micellar 
aggregate to gel state. In the case of functionalised dipeptide-
based gelators, the micellar state can template the structures 
formed in the gel state.11 For a single example, the 
functionalised dipeptide 2NapFF (Figure 1a), the molecules pack 
into hollow tubes in the micellar state at high pH.11 When the 
system is gelled, the hollow core is lost, and lateral association 
leads to elliptical structures that entangle to form the gel.13
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Figure 1: (a) Structure of 2NapFF; (b) Solutions of 2NapFF at pH 11 at 10 mg/mL, cation 
displayed on lid; (c) Comparison of shear viscosity values at 10 s-1 for solutions prepared 
at 10 mg/mL using different salts; (d) Variation of filament diameter versus time from 
CaBER experiment for Na-2NapFF and Cs-2NapFF highlighting significant differences 
caused by choice of salt. Note “time” shifted such that region where filament enters 
capillary thinning regime can be plotted on same axes for both results: Insets in each 
subfigure show high-speed camera images of filament shapes which enabled us to 
determine where to apply exponential fit and calculate relaxation time ().
We can therefore consider functionalised dipeptides such as 
2NapFF as surfactants at high pH.13 It should therefore be 
possible to vary the micellar aggregates formed from a single 
gelator by changing parameters such as the nature of the 
counterion. From conventional surfactant theory, this should 
lead to a change in the packing parameter,14 and perhaps a 
change in the micellar aggregates formed.15, 16 Varying the 
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micellar aggregate should allow us to control the apparent pKa 
of the aggregate,17, 18 and hence the pH at which gels form, and 
likely the properties of gels that are formed. 
To test this hypothesis, we prepared solutions of 2NapFF at 
a pH of 11 using one of a number of hydroxide salts: LiOH, 
NaOH, KOH, RbOH, CsOH or tetrabutylammonium hydroxide 
(TBAOH) to deprotonate the terminal carboxylic acid. At a 
concentration of 10 mg/mL, viscous solutions were prepared 
with all salts, with some change in the degree of 
transparency/turbidity (Figure 1b).  As expected from our 
previous work,19 at 10 mg/mL, the solutions exhibit viscoelastic 
shear thinning behaviour (Figure S1, Supporting Information). 
The viscosity of the solutions depends directly on the salt used 
to make the initial gelator solution. Solutions formed using 
TBAOH were the most viscous, whilst those formed with KOH 
were the least viscous at a shear rate of 10 s-1 (Figure 1c), 
although we note that the changes in shear viscosity are quite 
modest and within repeatability apart from that for the TBAOH.
Each of the systems also exhibits viscoelastic behaviour and 
significant extensional viscosity in a Capillary Breakup 
Extensional Rheometer (CaBER), with the relaxation time 
measured being dependent on the salt used. Here, an unstable 
filament is formed with continuous decrease in diameter under 
the combined effect of surface tension and viscoelastic 
extensional forces until it finally breaks. The high-speed camera 
images of the filament enabled us to determine where the 
CaBER theory can be applied and consequently apply the 
exponential fit to determine the relaxation time.20 
Representative plots are shown in Figure 1d. We have 
previously shown that the extensional viscosity increases 
dramatically for Na-2NapFF after a heat-cool cycle.21 Here, the 
effect of the heat-cool cycle can be seen to increase the 
characteristic relaxation time () for Na-2NapFF by one order of 
magnitude as shown previously.21  
 Table 1. Effect on different salts on CaBER relaxation time (in ms) before and after a 
heat-cool (H-C) cycle.
  
Depending on the salt used, it is possible to either have a large 
relaxation time without recourse to a heat-cool cycle (Cs-
2NapFF), have a low relaxation time prior to a heat-cool cycle 
which leads to a significant increase (Na-2NapFF or Rb-2NapFF) 
or have a low relaxation time either both or after the heat-cool 
cycle (TBA-2NapFF) (Table 1).  Overall, the choice of salt or use 
of a heat-cool cycle can significantly modify the extensional 
properties of the solutions from essentially “Newtonian-like” 
with low relaxation time (<0.05s) to highly “stringy” elastic 
fluids with very large relaxation times. This behaviour is in 
marked contrast to the shear viscosity where the changes are 
more modest.  
All of these differences imply that there are likely different 
structures formed in these systems. To probe this, we used 
cryo-TEM and small angle X-ray scattering (SAXS). Note that 
drying effects are common and also crystal structures often do 
not represent the solvated state in these systems.3 The cryo-
TEM images show that there are differences in structure. Li-
2NapFF shows the presence of long, helical structures (Figure 
2a). Na-2NapFF, Rb-2NapFF and Cs-2NapFF show the presence 
of long, uniform structures (example data shown for Rb-2NapFF 
in Fig. 2b). K-2NapFF shows similar long, uniform structures, as 
well as the presence of some ribbons. TBA-2NapFF shows the 
presence of long, uniform structures, with a significantly smaller 
diameter than the Na-, Rb-, and Cs-2NapFF (Fig. 2c). Cryo-TEM 
data for all samples are shown in Figure S2 (Supporting 
Information). Cryo-TEM can only provide a snapshot of a small 
number of the structures present. Hence, to confirm the cryo-
TEM data, we used small angle X-ray scattering (SAXS) as a bulk 
technique that can probe the samples. 
Figure 2. Cryo-TEM of (a) Li-2NapFF; (b) Rb-2NapFF; (c) TBA-2NapFF. The scale bar 
represents 100 nm in each case. (d) SAXS data for all samples, with the data shown 
as open symbols and the fit as a red line. Note the data are offset on the intensity 
scale for ease of discrimination.
The SAXS data also show clearly that there are differences 
between the samples (Figure 2d and Table S1, Supporting 
Information). To fit Li-2NapFF, we were guided by the TEM data, 
which shows the presence of helical structures; thus, we fitted 
the SAXS data at high pH for Li-2NapFF to a flexible elliptical 
cylinder as demonstrated elsewhere.22 The minor axis radius is 
found to be 3.1 nm and the major axis radius is 6.2 nm.  SAXS 
data for Na-2NapFF, K-2NapFF, Cs-2NapFF and Rb-2NapFF were 
best fitted to a flexible cylinder as we have shown for Na-
2NapFF.21 The radii for Na-2NapFF, K-2NapFF and Rb-2NapFF 
were similar (4.1 nm, 4.3 nm and 4.0 nm respectively), and 
commensurate with previous data for Na-2NapFF.21 Cs-2NapFF 
has a radius slightly larger than for the other examples (4.6 nm), 
however a Schulz polydispersity term had to be included into 
the fit for Rb-2NapFF and Cs-2NapFF, reflecting that there are a 
Relaxation time Li Na K Rb Cs TBA
Before H-C
(B) (ms)
295 44 517 104 642 36
After H-C
(A) (ms)
483 343 827 2350 1760 41
Ratio A/B 1.6 7.8 1.6 22.6 2.7 1.1
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range of structures present in the solutions. TBA-2NapFF could 
be fitted to a flexible cylinder with a power law term. The small 
radius of 1.4 nm found by SAXS reflects the smaller size 
measured by TEM. Full details of the fits and fitted parameters 
can be found in the supporting information (Table S1).
In all systems, a significant interaction of the cation with the 
2NapFF structures is detected (Figure 3). The 7Li, 23Na and 133Cs 
resonances exhibit quadrupolar splitting while the 87Rb 
resonance is significantly broadened relative to the native 
hydroxide (Figure S4, Supporting Information). The 39K 
resonance in K-2NapFF is broadened beyond detection. The 1H 
resonances of TBA are severely broadened so that no 1H-1H 
coupling along the alkyl chain can be detected. D2O and 
dioxane-d8 were used as complementary 2H probes.23 The 
splitting of these resonances depends upon both the degree of 
alignment and the solvation of the structures. With the 
exception of the TBA-2NapFF, the splitting of all or either of the 
D2O, dioxane-d8 or cation resonances indicates alignment of the 
structures. The high viscosity of TBA-2NapFF may prevent 
alignment. The relative splitting of the 2H resonances of D2O and 
dioxane-d8 is different in all samples, indicating that the 
solvation of the structures is different in each case.
Figure 3. 2H (left) and cation (right) NMR: solutions at 10 mg/mL of (a) Li-2NapFF; (b) Na-
2NapFF; (c) K-2NapFF; (d) Rb-2NapFF; (e) Cs-2NapFF; (f) TBA-2NapFF, 1H, inset, the peak 
marked * corresponds to 2 µL/mL ethanol added to provide a comparison with the TBA 
resonances). All spectra are referenced to 2H dioxane at 3.75 ppm.24
The apparent pKa of the terminal carboxylic acid is different in 
all cases, varying from 9.6 to 4.9 (titration data shown in Figure 
S5). In each case, there are two apparent pKa, despite the single 
ionisable group as we have described previously.13 The 
differences in apparent pKa directly translate into differences in 
the pH at which gels are formed. To induce gelation, we use the 
hydrolysis of glucono--lactone (GdL), which slowly forms 
gluconic acid.25 Adding a solution of the 2NapFF to GdL leads to 
a slow pH decrease and the formation of a gel in each case 
(Figure 4a and Figure S6, Supporting Information). The final pH 
after 18 hours in each case was 3.6. There are some differences 
in the turbidity of the final gels (Figure 4a), with the gel formed 
from Rb-2NapFF giving a significantly more translucent gel 
compared to the rest. Following the gelation process with time 
using small amplitude oscillatory shear (SAOS) rheology shows 
clear differences between the systems (Figure 4b-4g). The Li-
2NapFF, Na-2NapFF and K-2NapFF systems have fairly sharp 
transitions in the storage modulus (G) and loss modulus (G) at 
2 h, 0.5 h, and 1.3 h respectively. In comparison, Rb-2NapFF, Cs-
2NapFF and TBA-2NapFF systems show more gradual 
transitions to the gel phase. This can be connected to the pKa, 
values; when the pKa is higher, the pH matching the pKa is 
reached more quickly. The hydrolysis is base catalysed,26 so 
there are likely limited effects on changing the cation. 
Figure 4. (a) Photographs of gels prepared at pH 3.6 at 10 mg/mL, cation displayed on 
lid. Time sweep SAOS rheology showing the gel evolution on addition of GdL to solutions 
of (b) Li-2NapFF; (c) Na-2NapFF; (d) K-2NapFF; (e) Rb-2NapFF; (f) Cs-2NapFF; (g) TBA-
2NapFF. The blue data is for pH, the black data for G and the red data for G.
Being able to control the pH at which gels form opens up more 
opportunities. It is also important to be able to vary the stiffness 
of hydrogels. Gels with tuneable stiffnesses can be used to 
direct stem cell differentiation for example.27 In general, 
stiffness for such gels is varied by varying the concentration of 
gelator,1 which also tends to lead to other changes in 
properties. Here, we can vary the pH at which gelation occurs, 
the stiffness of the final gels, as well as the strain at which the 
gels break at a single concentration of gelator by varying the 
initial salt used. As we descend the periodic table, a general, but 
modest, increase in G′ is observed (Figure S8, Supporting 
Information). In the case of the organic cation, TBA, the gel 
stiffness is significantly lower compared to using the inorganic 
salts (Figure S8). Descending the periodic table form Li to Cs 
results in the gels breaking at lower strains, showing that whilst 
there are only modest changes in the stiffness, the gels differ 
significantly in their absolute strength. For TBA-2NapFF gels, G 
never becomes less than Gʺ. Interestingly, the thermal 
behaviour is also different (Figure S9, Supporting Information). 
For example, the Cs-2NapFF gel is stable to 90 C, with little 
change in rheological properties before and after heating. The 
TBA-2NapFF gels melts at around 70 C, and the rheological 
properties do not recover after heating; this may be due to the 
thinner structures present in TBA-2NapFF (see SAXS below and 
1
Li Na K Rb Cs TBA
(a)
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Supporting Information) having the least intermolecular 
interactions leading to a lower stability.
SAXS was performed on the gels formed from each high pH 
solution (it was found to be extremely difficult to probe the gels 
using cryo-TEM due to their stiffness). The scattering patterns 
and fits are shown in Figure S3 (Supporting Information).  In 
brief, the SAXS data for the gels show that the micellar 
aggregates formed at high pH directly link to the structures 
present in the gel phase, highlighting the importance in 
controlling the micellar structure. 
Adding different salts to enzyme-triggered dipeptide gels 
has been reported by Ulijn’s group.28 Differences were 
observed which were linked to the Hofmeister series; the 
differences in the resulting gel properties were ascribed to the 
salts affecting the enzyme network as opposed to the structures 
formed by the dipeptides.28 At high pH, the nature of the anion 
has been shown to be important and again can be linked to the 
Hofmeister series.29, 30 For example, Roy et al. showed that the 
micellar aggregates formed from a Fmoc-dipeptide at pH 8 were 
fibres when sodium phosphate or sodium chloride were added, 
but spherical aggregates were formed when sodium thiocyante 
was added.29 In this case, gelation is driven by charge screening. 
Gelation for 2NapFF can be driven at high pH by adding salts to 
charge screen, or by addition of a divalent cation which cross-
links the anisotropic structures present at high pH.30 However, 
our work here shows a different concept. Instead of gelation by 
charge screening, we are varying the aggregates formed by 
changing the packing in the micellar phase by the size of the 
cation. These different micellar aggregates template the 
structures formed in the gel phase when the pH is decreased. 
This directly leads to differences in the pH at which gels form as 
well as the mechanical properties for the gels. 
In conclusion, it is possible to vary the micellar aggregates 
that are formed at high pH in solutions of a functionalised 
dipeptide by simply varying the salt used to raise the pH. The 
change in cation results in different packing in the micellar 
phase and the formation of different structures. The resulting 
solutions show different extensional viscosities, different 
behaviour on heating and cooling, and have different pKa 
values. As a result, gels are formed at different rates when the 
pH is decreased, and the final gels have different properties. 
This methodology opens up many opportunities with this class. 
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